Study Design. Systematic review. Objectives. To review the various radiographic parameters currently used to assess traumatic thoracolumbar injuries, emphasizing the validity and technique behind each one, to formulate evidence-based guidelines for a standardized radiographic method of assessment of these fractures.
Various radiographic measurement parameters partially guide the treatment of thoracolumbar fractures. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Some imaging measurement parameters have been more rigorously defined and validated than others, while all share the purpose of creating a reliable and reproducible method for recording clinical data. The currently accepted radiographic measurement parameters depict the following properties of the injured spinal column: sagittal alignment, vertebral body compression, and spinal canal dimensions. Unfortunately, for each group of properties mentioned previously, there has usually been more than 1 proposed measurement technique, thus creating confusion when gathering data and reporting outcomes. Ultimately, this effect results in clinical decisions being based on nonstandardized, nonvalidated outcome measures.
To facilitate sound clinical decision making in the treatment of thoracolumbar trauma, it is critical to define accurately the imaging measurement parameters used to define quantitatively these injuries. Therefore, the aim of this systematic review is to present objectively the various radiographic parameters currently used to assess traumatic thoracolumbar injuries, and examine critically the validity and methodology behind the measurement technique. The goal of this systematic review is to develop a set of validated guidelines to facilitate the uniform evaluation and description of thoracolumbar fractures. The following inclusion criteria were used to select publications: (1) the publication was in English; (2) the study design was a clinical trial, observational study, or biomechanical study focused on thoracolumbar vertebral fractures; (3) at least 1 of the outcome measures was radiographic; and (4) a specific description of the radiographic outcome measure was discussed in the text. Excluded were studies about thoracolumbar fractures caused by malignancies, infections, inflammation, or osteoporosis. Nonhuman studies, case reports (5 subjects or less), abstracts, letters, and editorials were also excluded.
Methodology
Studies meeting the inclusion criteria were screened and analyzed for methodologic quality. Reference tracking was performed on publications identified and judged relevant by the reviewers. This process was followed by the extraction and analysis of the relevant data. There were 2 independent reviewers (C.G.F. and O.K.) that performed the selection of studies, methodologic quality assessment, and data extraction. Results at each stage were compared, and discrepancies were resolved in a consensus meeting.
The extensive literature search identified 1366 citations for appraisal against the inclusion and exclusion criteria. Of these citations, 71 publications were retrieved for further assessment and study selection. Ultimately, it was deemed that only 18 articles 9,11-27 fulfilled the inclusion criteria, and they constitute the basis for this review.
Sagittal Alignment
The methods described in the literature to assess the sagittal deformity in thoracolumbar fractures include: the Cobb angle, Gardner segmental deformity, sagittal index, and vertebral body translation. Kuklo et al 11 looked at the interobserver and intraobserver reliability of various measurement techniques for thoracolumbar burst fracture kyphosis on lateral radiographs. Specifically, they analyzed the Cobb angle technique, Gardner segmental deformity, and 3 other measurement techniques used less frequently to assess thoracolumbar burst fracture kyphosis (Figure 1) .
Essentially, the methods differ based on the endplates chosen to draw the 2 reference lines, with the exception of method 3, which uses the posterior vertebral body lines instead of endplates. The investigators found the Cobb angle (method 1) to be the least variable and most reliable, providing the highest intraobserver and interobserver reliability (rho ϭ 0.83-0.94), followed by method 5, which measures the angle between the upper and lower endplate of the injured vertebra, (rho ϭ 0.73-0.85). This finding is probably because of the fact that these 2 methods represent a more independent measure of the bony deformity caused by the changed shape of the injured vertebra. While methods 2, 3, and 4 represent the combined deformity caused by the bony deformity of the vertebral body and the deformity caused by the loss of height of the disc space as a result of the creeping of the disc into the endplate deformity. Regrettably, kappa, which addresses the issue of agreement occurring by chance alone, was not used to express the interobserver/intraobserver reliability in this study.
The Cobb Angle
Imaging Modality and Projection. Plain radiograph, lateral view.
Definition. The angle formed between a line drawn parallel to the superior endplate of 1 vertebra above the fracture and a line drawn parallel to the inferior endplate of the vertebra 1 level below the fracture.
Technique Clinical Connotation. Originally described for measuring coronal plane deformity, 28 the Cobb angle has also been adapted for use in the measurement of sagittal alignment. As such, its reliability and reproducibility has been studied for measuring normal lumbar lordosis, 12 as well as posttraumatic kyphosis. 11 In both studies, the Cobb angle has been reproducible and reliable. However, simply agreeing on where the lines should be drawn may not be sufficient. Endplate architecture may increase variability. Often the posterior aspect of the upper endplate has a ridge that distorts the normally flat surface of the body (Figures 2A, B) . Currently, there is no accepted standard for drawing the upper line, given this situation. We propose drawing the line parallel to the flat surface of the body in such cases and ignoring the upper endplate ridge ( Figure 2B ). In addition, in the setting of an isolated or primarily posterior ligamentous disruption, the Cobb angle measurement may still be applied in a similar manner as used by Polly et al 12 in their measurement description of lumbar lordosis. This process will give the clinician an understanding of the degree of global thoracic or thoracolumbar kyphosis present secondary to the ligamentous injury.
The Gardner Segmental Deformity
Definition. The angle formed from lines drawn parallel to the lower endplate of the fractured vertebra and the upper endplate of the adjacent cephalad vertebrae (Figure 3) .
Technique
Clinical Connotation. Used clinically to assess and report outcome in the surgical treatment of thoracolumbar fractures, [13] [14] [15] 27, 29 it has the theoretical advantage of providing a more accurate assessment of the segmental deformity caused by the fracture, by virtue of excluding 1 disc space below the fracture, which could introduce potential variability not related to the fracture, such as pretraumatic degenerative changes. On the other hand, in cases in which the inferior endplate is fractured, it introduces the significant variability of the irregular contour of the fractured endplate, which could complicate the decision of where to draw the caudal of the 2 lines. In cases in which the inferior endplate of the fractured vertebra is intact, it could probably be useful for assessing segmental deformity.
Overall, however, when compared to the Cobb angle technique, its interobserver and intraobserver reliability were well below that of the Cobb angle technique in the only study directly comparing the various techniques (interobserver reliability calculated as rho ϭ 0.81 for the Cobb vs. 0.59 for the Gardner technique). 11 Interestingly, it showed better reliability when used solely to assess posttraumatic kyphosis in other studies, with kappa value reported between 0.68 and 0.92 in 1 study, 29 and rho between 0.98 and 1 in another study.
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The Sagittal Index
Definition. The measurement of segmental kyphosis at the level of a given mobile segment (1 vertebra and 1 disc) adjusted for the baseline sagittal contour at that level ( Figure 4 ).
Technique
Clinical Connotation. To predict the risk for late progression of the sagittal deformity in thoracolumbar burst fractures, Farcy et al 16, 17 developed the sagittal index. Segmental baseline values were based on patterns in studies by Stagnara et al. 30, 31 Specifically, Farcy et al 16, 17 used the following baseline estimates for the intact sagittal curve: 5°in the thoracic spine, 0°in the thoracolumbar junction, and Ϫ10°in the lumbar spine. Segmental kyphosis at the fracture level was defined as a positive value. Subtracting the baseline values from the segmental kyphosis was used to derive the sagittal index.
Therefore, yet another method to assess the segmental kyphotic deformity was introduced. The most obvious and appealing aspect of this concept is the fact that for the first time, it compared the measured posttraumatic kyphosis against an established baseline. This process transformed the measured angle from an absolute, detached value, into a relative one. The result was a more useful parameter, which could be used to guide surgical indications, as well as the amount of desirable correction during surgery.
In their study, Farcy and Widenbaum 16 prospectively followed 35 patients with thoracolumbar burst fractures for an average of 27 months, assessing their sagittal index, instability grade, and neurologic status at injury and after treatment. Indication for surgical treatment consisted of a sagittal index Ն15°and instability grade of 3-6. Based on those indications for surgery, they concluded that the sagittal index is a useful criterion to assess deformity, predict progression of segmental kyphosis, and provide guidelines for the amount of correction necessary during surgery. Unfortunately, no clear rationale was offered for the cutoff points chosen by the investigators.
Although appealing in concept, the usefulness of this index is limited by the fact that there is a discrepancy between the written description of the method used to assess the kyphosis at the fracture level and the illustration provided with the text. The investigators state that they used the Cobb method to assess the sagittal alignment of the fractured vertebra, yet, in the illustrations, it appears that the lines were drawn along both endplates of the fractured vertebra (Figure 4) . Consequently, the interpretation is left to the clinician wishing to use the index for outcome assessment and, thus, introducing a source of variability. 
Vertebral Body Translation Percentage
Definition. The ratio of the perpendicular distance between the posterior vertebral bodies of the 2 vertebrae of the dislocated motion segment (T) and sagittal diameter of the slipped vertebral body (L), calculated as a percentage ( Figure 5 ).
Technique
Clinical Connotation. In contrast to the literature in cervical spine trauma or the degenerative spine literature, quantifying the amount of the relative translation, or anterolisthesis, of the vertebral bodies in the injured segment of the vertebral column has not attracted much attention in the thoracolumbar spine trauma literature. This lack of attention is probably because any translation in this region is usually strongly indicative of instability. The method we believe is most reproducible and straightforward is that described in detail by Ruan et al, 18 who looked at the clinical effectiveness of the Shen instrumentation system for obtaining and maintaining correction of translation, kyphotic deformity, and vertebral body compression in 96 consecutive patients with unstable thoracolumbar fractures.
Because translation in a setting of trauma is highly suggestive of a shear force and an unstable condition no matter what the magnitude, the relevance of its quantification is unclear and probably accounts for its relative absence in the thoracolumbar trauma literature. However, if it is to be quantified and reported, we would suggest the aforementioned method, although its reliability and validity have yet to be evaluated.
Vertebral Body Compression
Anterior/Middle Column Vertebral Body Compression Ratio.
The ratio of the anterior vertebral height (AVH) to posterior vertebral height (PVH) is useful in assessing the structural integrity of the fractured vertebral body, specifically, that of the anterior and middle columns of the injured vertebra. It does not provide information as to the magnitude of compression when compared to the intact state.
Imaging Modality and Projection. Plain radiograph, lateral view, or computerized tomography (CT) reconstruction, midsagittal plane.
Definition. The ratio of the AVH to PVH. AVH is measured from the anterosuperior corner of the vertebra to the anteroinferior corner, and PVH is measured from the posterosuperior to posteroinferior corner.
Technique
Clinical Connotation. In search of the correlation between the degree of deformity of a fractured vertebra and encroachment of neural spaces, Isomi et al 19 produced experimental burst fractures of the L1 vertebrae of human cadaveric thoracolumbar spine segments. The neural spaces were lined with tiny steel balls to identify better any encroachment after the trauma. The following radiographic parameters were used to describe the trauma: AVH, PVH, vertebral height ratio, vertebral kyphotic angle, posterior vertebral body angle, and the 16 The sagittal index is derived by subtracting the baseline values from the measured segmental kyphosis at the injured level.
cross diagonal angle ( Figure 6 ). Of these parameters, the PVH, posterior vertebral angle, and cross diagonal angle showed significantly higher correlations with the canal encroachment.
Anterior Vertebral Body Compression Percentage
Definition. The percentage of anterior vertebral compression with respect to the next adjacent intact vertebrae, above and below the fractured vertebra. The formula for anterior body compression being [(V1 ϩ V3)/ 2 Ϫ V2]/(V1 ϩ V3)/2 ( Figure 7) .
Technique
Clinical Connotation. This index gives an indication of the relative compression of the injured vertebra, when compared to the adjacent vertebrae. 6, 9, 20 It quantifies the magnitude of failure in compression of the anterior column of the vertebral body. When exceeding 50%, this parameter was predictive of complications in conservatively treated thoracolumbar junction fractures. 9 Although not expressly supported by the literature, we believe that a more accurate assessment of the degree of vertebral body compromise is achieved by calculating the ratio between the vertical height of the most compressed section of the injured vertebral body and the posterior vertebral body height at that level, assuming there is no loss of height of the posterior vertebral body.
Spinal Canal Dimensions

Sagittal Canal Diameter
Imaging Modality and Projection. Transaxial CT.
Definition. The distance between the posterior canal border and anterior canal border. The posterior canal border is defined as the convergence of the superior margins of the laminae at the midline of the spinous process, and the anterior border is defined as the posterior border of the mid-vertebral body (Figure 8 ).
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Technique
Transverse Canal Diameter
Definition. The distance between the medial borders of the pedicles at the mid-pedicle level ( Figure 9 ).
Technique
Sagittal-to-Transverse Ratio
Calculated from the aforementioned linear measurements.
Clinical Connotation. The relation between spinal canal diameter and its association with posttraumatic neurologic sequelae has been reported in the literature with regard to the cervical spine [32] [33] [34] as well as the thoracolumbar spine. 31 In a prospective study designed to uncover those spinal canal dimensions that are predictive of neurologic injury following thoracolumbar junction burst fractures, Vaccaro et al 21 found the ratio of sagittal 19 The following radiographic parameters were used to describe the trauma: vertebral height ratio, vertebral kyphotic angle (VKA), posterior vertebral body angle (PVBA), and the cross-diagonal angle (CDA). to transverse diameter at the level of the injury to be significantly smaller in patients with neurologic deficit than in those who were neurologically intact. In that same study, the calculated pre-injury canal diameter was calculated from the intact levels above and below the injury level, showing no correlation between pre-injury canal dimensions (sagittal and transverse diameters, sagittal-to-transverse ratio, cross-sectional canal area) and neurologic sequelae.
These findings are most likely explained by the shown biomechanical phenomenon described by Panjabi et al 22 and later shown with high-speed video analysis by Wilcox et al. 23 The phenomenon is that of dynamic canal encroachment at injury. This encroachment has been significantly higher at injury than the static post-injury canal encroachment.
The predictive value of posttraumatic canal dimensions in the thoracolumbar junction is in agreement with the findings of Matsuura et al 24 in the posttraumatic cervical spine. However, the lack of correlation between pre-injury canal dimensions and neurologic sequelae is different from the findings in the posttraumatic cervical spine, 33 where larger pre-injury canal dimensions were predictive of a more favorable post-injury neurologic outcome. No such relationship was found in the thoracolumbar junction.
Total Canal Cross-Sectional Area
Definition. The total area of the canal bordered anteriorly by the posterior border of the vertebral body, posteriorly by the convergence of the superior border of the laminae at the midline of the spinous process, and laterally by the medial border of the pedicles (Figure 10 ). Where MSD ϭ midsagittal diameter, as defined previously, and TD ϭ transverse diameter, as defined previously.
Clinical Connotation. In a retrospective case-control study designed to determine the best technique to measure neural canal encroachment at each lumbar level, following a burst fracture, Rasmussen et al 25 compared 2 methods of measuring the total canal cross-sectional area. They further tried to correlate these measurements with neurologic outcome following a traumatic bust fracture.
The 2 methods used were the direct measurement using an electronic digitizer and computer software, and a calculated method using the aforementioned formula, which was derived by the authors. Comparison of the 2 methods showed that the calculated cross-sectional area was highly correlated with the measured surface area (r ϭ 0.95). They also found that a smaller transverse area can be tolerated at successively caudal levels without neurologic deficit, leading them to conclude that crosssectional area measurement is a more accurate method for assessing bony canal compromise and volume available for neurologic structures, and has a higher correlation with neurologic outcome than either sagittal diameter or percentage of canal compromise alone.
Percentage of Canal Occlusion
Definition. Ratio of canal stenosis at the level of injury to the estimated normal canal dimensions at that level.
Technique. The ratio can be calculated in 1 of 2 ways, comparing cross-sectional areas, as described previously, or comparing sagittal canal diameters.
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Clinical Connotation. In yet another attempt to correlate canal encroachment with neurologic deficit, Hashimoto et al 26 calculated the stenotic ratios of the area occupied by the retropulsed bony fragments to the estimated area of the original spinal canal, using the canal sagittal diameter (Figure 8 ). They measured 112 consecutive thoracolumbar burst fractures, and found that burst frac- tures having the following sagittal diameter ratios or percentage of canal occlusion were at significant risk for neurologic compromise: at T11 to T12, Ն35%; at L1, Ն45%; and at L2 and below, Ն55%.
Discussion
While making clinical decisions, radiographic measurements are often crucial. Typically, these measurements make up the basis for data collection, outcome assessment, and, ultimately, form the knowledge base for clinical decision making. However, there are several shortcomings that are inherent to these measurements, which naturally introduce unwanted variability and bias into data collection and analysis.
There is biologic variability such as endplate architecture, disc degeneration, or the degree of vertebral bone mineralization. There is the effect of patient positioning for the radiograph, the magnitude of which is not well known, but is suggested that this may be relatively small in the normal spine. 35 The trauma population itself introduces a unique source of variability in that premorbid anatomy is often not known, and the conditions under which initial imaging is obtained are often far from ideal. In the injured spine, loading can cause significant change, as has been suggested by a recent study. 36 For this reason, the authors believe that the radiographic images should always be obtained in the upright or weightbearing position to reduce variability and best represent spinal alignment under physiologic loads. Obviously, in the acute injury setting this will seldom be possible. There is variability in the technique of measurement, such as choosing different end vertebra. This has been recognized as being a major source of variability in determining deformity magnitude in scoliosis 35 as well as lumbar lordosis assessment. 12, 37 There is the effect of the technical quality of the radiograph and the subsequent ability of the clinician to interpret it, 38 which is somewhat encompassed by the intraobserver and interobserver variability, ideally evaluated when the same technique is used on good quality radiographs with specified end vertebrae.
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For all these reasons, it is important to minimize the variability in measurement parameters. It seems that it is easiest to do so by standardizing that variable that is simplest to control. Of all the variables mentioned previously, the technique of measurement stands out as such; however, before a technique can be unconditionally adopted, it must be evaluated for the diagnostic criteria of reliability and validity. Reliability is the ability of the tool to be reproducible and internally consistent over time. Validity ensures that the instrument is accurately measuring what it is supposed to be measuring. Reliability is relatively easily evaluated by intraobserver and interobserver reliability testing using the kappa statistic, but, surprisingly, many of the techniques described in this review had not been assessed for reliability. Validity is a more multifaceted concept, its evaluation encompassing a spectrum anywhere from a simple intuitive process to a complex blend of anatomic, biomechanical, radiographic, and clinical studies and expert opinion.
It is essential that all clinicians and/or researchers understand and demand the aforementioned criteria before universal acceptance. This process will allow clinicians to concur on these very basic terms and techniques, and on the details of performing them, so that in the future, there will be less uncertainty as to the personal interpretation of a given parameter. Ultimately, this should lead to standardization of imaging measurement parameters and outcome measures, subsequently leading to high quality research, clear evidence-based guidelines, and, eventually, more informed and meaningful clinical decision making, leading to better patient care.
Although, it is conceivable that the technology of plain radiographs and CT will be superseded by more sophisticated imaging methods as standard practice, these same generic principles must be followed. This is especially germane to magnetic resonance imaging, which is being used more and more in the evaluation of thoracolumbar trauma. 39 Finally, it is noteworthy that qualitative radiographic parameters, such as those used for the assessment of rotational injuries (i.e., fracture of transverse processes or ribs, offset of the spinous processes and bodies in 2 planes, corner fractures of the vertebral body), were not included in this review because they constitute qualitative radiologic signs and not rigorous radiologic measurements, and are, therefore, not amenable to standardization.
In this study, we used a sophisticated, valid methodology (systematic review) to evaluate objectively and completely the literature on radiographic parameters in thoracolumbar fractures. A number of the parameters clinicians use on a regular basis, such as vertebral body translation and height loss, had not been evaluated for diagnostic criteria or refined to a standardized technique. Only sagittal angulation had been appropriately evaluated, allowing for a recommendation of the Cobb angle to measure deformity in thoracolumbar trauma. Other recommendations and not conclusions are based on the quality of the studies and expert opinion from an experienced group of spine trauma surgeons. Although not eliminating all the confounding variables involved, hope- Figure 10 . Transaxial CT showing direct measurement of the cross-sectional area of the canal at adjacent levels (A) and at the level of injury (B) using an electronic digitizer to outline the perimeter of the spinal canal and computer software to calculate the precise cross-sectional area.
fully a compilation like this one, regarding thoracolumbar fractures, will take us one step closer to the goal of a set of standardized imaging measurement parameters providing common, scientifically sound diagnostic tools for clinicians and researchers alike.
Conclusion
Leaving aside the issues surrounding how certain measurements were derived, it would seem the following radiographic parameters should be used routinely to assess thoracolumbar fractures:
• The Cobb angle: to assess sagittal alignment in the setting of posterior ligamentous disruption or vertebral fracture.
• Vertebral body translation percentage: to express traumatic anterolisthesis.
• The anterior vertebral body compression percentage: to assess vertebral body compression. We would advocate using our proposed modification of measuring the vertical height at the most compressed region of the injured vertebra, and calculating the ratio between that measurement and posterior vertebral body height at the injured level.
• The sagittal-to-transverse canal diameter ratio, the canal total cross-sectional area (measured or calculated), and the percent canal occlusion: to assess canal dimensions.
Finally, although conceptually appealing, the sagittal index needs clarification and more rigorous validation before being adopted universally to assess relative kyphotic deformity. In the future, we must ensure that new imaging parameters are evaluated for diagnostic criteria before widespread use. Reliability is relatively simply assessed; the real challenge will come in the assessment of the validity of these parameters through prospective evaluation of their ability to guide therapeutic decision making and prognosticate clinical outcome.
Key Points
• Clinical decision making regarding the treatment of thoracolumbar trauma is currently based on various radiographic measurement parameters.
• There is a lack of standardization in the literature regarding choice and technique for the measurement of these parameters.
• Following a systematic review of the literature, guidelines were formulated for the purpose of standardization for selection and technique of measurement of these key parameters.
